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Reactive oxygen species (ROS) such as hydrogen
peroxide are generated at wound sites and act as
long-range signals in wound healing. The roles of
other ROS in wound repair are little explored. Here,
we reveal a cytoprotective role for mitochondrial
ROS (mtROS) in Caenorhabditis elegans skin wound
healing. We show that skin wounding causes local
production of mtROS superoxide at the wound site.
Inhibition of mtROS levels bymitochondrial superox-
ide-specific antioxidants blocks actin-based wound
closure, whereas elevation of mtROS promotes
wound closure and enhances survival of mutant ani-
mals defective in wound healing. mtROS act down-
stream of wound-triggered Ca2+ influx. We find that
the mitochondrial calcium uniporter MCU-1 is essen-
tial for rapid mitochondrial Ca2+ uptake and mtROS
production after wounding. mtROS can promote
wound closure by local inhibition of Rho GTPase
activity via a redox-sensitive motif. These findings
delineate a pathway acting via mtROS that promotes
cytoskeletal responses in wound healing.
INTRODUCTION
Skin wound repair is essential for animals to survive in a harsh
environment (Singer and Clark, 1999). Human wounds result
from trauma, pathogen infections, and conditions such as dia-
betes, affecting millions of people worldwide per year (Gurtner
et al., 2008; Sonnemann and Bement, 2011). Repair of skin
wounds is also an essential prerequisite for many kinds of tissue
regeneration (Martin, 1997; Murawala et al., 2012). Thus, under-
standing how organisms recognize and repair epidermal wounds
is of wide interest. Despite over 2 millennia of studies into wound
healing (Sipos et al., 2004), until recently, little was understood of
the molecular basis of skin wound repair.
Many insights into the cell and molecular biology of wound
healing have come from studies in model organisms, including
Drosophila (Galko and Krasnow, 2004; Wood et al., 2002), Xen-
opus (Bement et al., 1999; Chen et al., 2003; Love et al., 2013),
zebrafish (Niethammer et al., 2009; Schebesta et al., 2006),48 Developmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Iand Caenorhabditis elegans (Xu and Chisholm, 2011). Following
injury, epithelia execute a coordinated program that closes the
wound, combats infection, reestablishes barrier function, and
restores tissue architecture (Cordeiro and Jacinto, 2013).
Some key transcriptional regulators of wound healing are
conserved between vertebrates and invertebrates (Mace et al.,
2005; Ting et al., 2005), suggesting that, despite the variety of
skin structures in different animals, epidermal wound healing
mechanisms may be shared (Sonnemann and Bement, 2011).
Wound repair must be initiated rapidly, and wounding trig-
gers multiple transcription-independent signals (Cordeiro and
Jacinto, 2013). Among these, elevation of intracellular Ca2+ is a
near-universal immediate damage signal. Pioneering studies in
epithelia showed that wounding induces Ca2+ waves (Lans-
down, 2002; Tran et al., 1999). Injury-triggered Ca2+ waves are
critical for wound responses and repair in multiple model organ-
isms (Chen et al., 2003; Clark et al., 2009; Razzell et al., 2013; Xu
and Chisholm, 2011; Yoo et al., 2012).
Wound closure frequently involves radical reorganization of
the actin cytoskeleton at the cell and tissue level. Many signals
and cytoskeletal structures normally used for cell polarization
are reactivated at wounds (Razzell et al., 2014; Sonnemann
and Bement, 2011). A dramatic example is during embryonic
wound healing, where an actomyosin cable composed of F-actin
and myosin II, known as a purse-string, is assembled at the
wound (Bement et al., 1999; Sonnemann and Bement, 2011).
In many invertebrate and vertebrate organisms, where actomy-
osin cables are involved in wound closure and are regulated
via RHO family small GTPases (Bement et al., 1999; Burridge
and Wennerberg, 2004; Wood et al., 2002).
In the adult C. elegans, the epidermis is made up of a small
number of multinucleate syncytia (Chisholm and Hsiao, 2012).
We previously reported that wounding the C. elegans syncytial
epidermis triggers a sustained rise in intracellular Ca2+ required
for local recruitment of F-actin at the wound site (Xu and Chis-
holm, 2011). Wound closure in the epidermal syncytium involves
formation of actin rings surrounding the wound site; these rings
close up the wound over a period of 2–4 hr. While superficially
reminiscent of actin purse-strings seen in multicellular wound
closure, the actin rings in the C. elegans epidermis appear
to be primarily closed by Arp2/3-dependent actin assembly.
Actin ring closure is also negatively regulated by RHO-1 and
nonmuscle myosin. It remains unknown how the widespread
elevation of cytosolic Ca2+ in the epidermis triggers actin accu-
mulation locally at the wound site.nc.
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to damage is the production of reactive oxygen species (ROS)
(Suzuki and Mittler, 2012). Extracellular ROS have long been
known to play antimicrobial roles after tissue injury or infection
(Babior, 1978; Winterbourn and Kettle, 2013). Wounding
also causes the synthesis of extracellular hydrogen peroxide
(H2O2), which functions as a long-range chemoattractant that
recruits inflammatory cells to wound sites (Niethammer et al.,
2009; Razzell et al., 2013; Yoo et al., 2011). ROS signaling
is also required for Xenopus tadpole fin regeneration (Love
et al., 2013). In Drosophila, extracellular H2O2 is generated by
the Ca2+-stimulated plasma membrane enzyme Dual oxidase
(Duox) (Razzell et al., 2013), indicating that Ca2+ signaling acts
upstreamof ROS production. In addition to beingmade bymem-
brane and cytosolic oxidases, intracellular ROS are also gener-
ated as byproducts of the mitochondrial electron transport chain
(ETC) (Dickinson and Chang, 2011). Mitochondrial ROS (mtROS)
signals have been implicated in diverse stress responses, such
as adaptation to hypoxia (Chandel et al., 1998), regulation of
immunity (West et al., 2011), and regulation of life span (Hekimi
et al., 2011). In these cases, mtROS appear to be induced by
stress and signal to facilitate cellular adaptation to stress.
Here, we show that C. elegans skin wounding triggers rapid
and local production of mtROS at wounds, in response to the
epidermal Ca2+ signal. mtROS are required for efficient wound
closure, and elevated mtROS accelerates skin wound closure.
We define a pathway linkingmitochondrial Ca2+, mtROSproduc-
tion, and the RHO-1 GTPase. Our findings reveal mtROS as key
signals in promoting skin wound healing.
RESULTS
C. elegans Skin Wounding Triggers Local Production of
mtROS Superoxide
In other paradigms of wound healing, endogenously produced
ROS such as H2O2 are induced by damage and attract migratory
cells to wound sites. We are using adult C. elegans skin as a
model to study wound healing (Figure S1A available online) (Xu
and Chisholm, 2011). As C. elegans lacks migratory phagocytic
cells, we tested whether intracellular ROS play roles in wound
repair. Mitochondria are major sources of intracellular ROS.
mtROS are generated as by-products of the ETC in the mito-
chondrial matrix or intermembrane space. The primary mtROS,
superoxide (O2
), is converted spontaneously or by superoxide
dismutases (SODs) into H2O2 in the matrix or cytosol (Murphy,
2009). To visualize mtROS in intact animals, we used the genet-
ically encoded mtROS sensor circularly permuted yellow fluo-
rescent protein (cpYFP), which displays occasional transient
elevations known as ‘‘mitochondrial flashes’’ (mitoflashes), re-
flecting increases in the mtROS superoxide (Hou et al., 2012;
Shen et al., 2014; Wang et al., 2008). In the unwounded
epidermis, mito::cpYFP levels were stable but displayed a
low frequency of spontaneous mitoflashes (Figures 1A and 1B;
Figure S1B; Movie S1). After laser wounding, mitoflashes were
suppressed for 70–100 s, then significantly increased both in
frequency and amplitude for several minutes (Figures 1A–1D).
Wound-induced mitoflashes were most frequent in the mito-
chondria close to the wound site, and individual mitochondria
often flashed repeatedly (Figures 1E and 1F). Wound-inducedDevemitoflashes lasted several times as long as those in unwounded
worms (Figure 1G) and displayed significantly increased ampli-
tude (Figure 1D). We observed similar patterns of mitoflashes
after needle wounding (data not shown).
Superoxide is converted into H2O2 either spontaneously or
enzymatically by SODs. To ask whether wounding also affected
mitochondrial H2O2, we expressed the genetically encoded
H2O2 sensor HyPer2 (Belousov et al., 2006; Markvicheva et al.,
2011) in epidermal mitochondria. However, we did not observe
changes in HyPer2 fluorescence before or after wounding
(Figures S1C and S1D), suggesting that wounding specifically af-
fects superoxide. cpYFP fluorescence is pH sensitive (Schwarz-
la¨nder et al., 2012; Wei-LaPierre et al., 2013); however, the pH
sensor mito::pHluorin did not show flash-like dynamics before
or after wounding but instead decreased in intensity after
wounding (Figures S1C and S1D), which is suggestive of mito-
chondrial acidification (Johnson and Nehrke, 2010). These
observations suggest that wound-induced mitoflashes are not
due to alterations inmitochondrial pH and that wounding triggers
production of mtROS superoxide.
Pharmacological Elevation of mtROS Promotes
Actin-Based Wound Closure
We next attempted to manipulate epidermal mtROS by treat-
ment with pro- or antioxidant drugs. Treatment with the pro-
oxidant paraquat (PQ), which induces mitochondrial superoxide,
significantly increased both baseline mito::cpYFP fluorescence
(Figure S2B) andmitoflash frequency, before and after wounding
(Figures S2A and S2C; Movie S2). Conversely, treatment with
mitoTempo, amitochondrially targeted superoxide-specific anti-
oxidant, significantly decreased mitoflash frequency (Figures 2A
and 2B; Movie S3), consistent with a previous report (Huang
et al., 2011). The broad spectrum antioxidant N-acetyl-L-
cysteine (NAC) decreased baseline mito::cpYFP fluorescence
(Figure S2B) and mitoflash frequency both before wounding
and after wounding (Figures S2A and S2C), and it also reduced
mitoflash amplitudes after wounding (Figure S2D).
To address whether manipulating mtROS could affect wound
repair, we analyzed the dynamics of actin rings that close
epidermal wounds, using the F-actin probe green fluorescent
protein (GFP)::moesin (Figure S2E) (Xu and Chisholm, 2011).
Low concentrations of mitoTempo (0.1–0.5 mM) significantly de-
layed actin ring closure and reduced GFP::moesin intensity
around wounds (Figures 2C and 2D), suggesting that mtROS is
required for actin recruitment to wound sites. Treatment of L4
animals with low concentrations (<0.1mM) of PQ enhanced actin
ring formation after wounding (Figure 2E) and did not affect sur-
vival (Figure S2F). Treatment with high levels of PQ (1mM) imme-
diately prior to wounding enhanced wound closure (Figure 2E)
and did not affect survival if PQwas removed 4 hr after wounding
(Figure S2F). These results suggest that elevated mtROS levels
promote wound closure.
As PQ may have many other effects (Bus and Gibson, 1984),
we tested whether other oxidants affect wound repair. Treat-
ment with two superoxide-inducing oxidants, antimycin A,
which disrupts complex III of the mitochondrial ETC (Chen
et al., 2003), and rotenone, which inhibits the ETC at NADH
oxidoreductase (Ved et al., 2005), promoted wound closure
(Figure 2E). In contrast, treatment with NAC inhibited actinlopmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Inc. 49
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Figure 1. C. elegans Epidermal Wounding Triggers a Local Burst of mtROS Superoxide
(A) Laser wounding first inhibits and then induces mitochondrial cpYFP flashes (mitoflashes). Top: representative confocal images of mito::cpYFP in adult
C. elegans epidermis before and after laser wounding (seeMovie S1). Red asterisk indicates the wound site, and red arrows indicate individual mitoflashes. Scale
bar, 10 mm. Bottom: images of mitoflash events shown as surface plots from top images. Numbers indicate number of individual mitoflashes at each position.
(B) Heat map of mitoflash frequency in ROI of 1,000 mm2 before and after wounding; each line represents mitoflashes in a single animal; n = 7 animals.
(C) Quantitation of mitoflashes in 1000 mm2 regions per min, n = 9 animals. In the first 100 s after wounding, mitoflashes decreased, *p < 0.05 (versus control
unwounded; UW). In the next 5 min, mitoflashes significantly increased, ***p < 0.001 (versus unwounded), ANOVA. Data are mean ± SEM.
(D) Amplitude of mito::cpYFP intensity change of individual mitoflashes in unwounded (UW) and wounded (W) animals; n > 80 flashes from 9 animals. ***p < 0.001,
Student’s t test. Data are mean ± SEM.
(legend continued on next page)
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Figure 2. mtROS Production Is Required for
Epidermal Wound Closure
(A) mitoTempo treatment significantly inhibits
wound-induced mitoflashes. Heat maps of mito-
flashes in ROIs of 1,000 mm2 of adult epidermis
treated with mitoTempo or control TPP before and
after laser wounding (at 0 s) (see Movie S3). Each
line indicates a single animal.
(B) Quantitation of mitoflash frequency in animals
shown in (A). **p < 0.01, Student’s t test. ns, not
significant.
(C and D) Modulation of mtROS levels affects
wound closure. (C) Left: representative confocal
images of the F-actin marker GFP::moesin at 1 hr
post-needle wounding (hpw) in TPP-treated
(0.1 mM) and mitoTempo-treated (0.1 mM,
0.5 mM) worms. Scale bar, 10 mm. Right: quanti-
tation of F-actin ring diameter in WT, TPP-treated,
andmitoTempo-treated worms. Adult wormswere
incubated in 0.1 mM TPP or mitoTempo for 1 hr
before wounding. Numbers in bars indicate num-
ber of animals. **p < 0.01; ***p < 0.001 versus TPP,
ANOVA. (D) mitoTempo reduces GFP::moesin
intensity at wound site. GFP::moesin intensity at
the wound site in TPP-treated (0.1 mM) and mito-
Tempo-treated (0.1mM)worms in (C). ***p < 0.001,
Student’s t test. AU, arbitrary units.
(E) Treatment with oxidants (red bars) accelerates
wound closure, and treatment with antioxidants
(yellow bars) inhibits wound closure; quantitation
of F-actin rings is as in (C). Worms were incubated
on drug plates for 24 hr from L4 stage at 20C
except for acute treatment with PQ, added 1 hr
before needle wounding. *p < 0.05; **p < 0.01;
***p < 0.001 versus WT, ANOVA; ###p < 0.001
versus control DMSO, ANOVA.
For (B)–(E), error bars indicate SEM. See also
Figure S2 and Movies S2 and S3.
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Mitochondrial ROS in C. elegans Wound Repairring formation (Figure 2E) and significantly reduced postwound-
ing survival (Figure S2G). NAC is a nonspecific ROS scavenger,
raising the question as to whether the aforementioned effects(E) Images of single mitochondria displaying mitoflashes in unwounded (UW) and wounded (W) C. elegans ep
10 mm; bottom (enlarged image), 1 mm.
(F) Time course (400 s) of representative single mitoflash intensity change in UW and W worms shown in (E)
(G) Comparison of representative cpYFP dynamics in a single mitoflash in wounded epidermis (W, red) vers
See also Figure S1 and Movie S1.
Developmental Cell 31, 48–60observed were due to nonmitochondrial
ROS. To address this, we treated L4
worms with the SOD mimetic EUK-134,
which increases both SOD and catalase
activity and converts superoxide to
H2O2 and then to H2O (Melov et al.,
2000). EUK-134 treatment significantly
impaired wound closure (Figure 2E).
Diphenyleneiodonium (DPI), which can
inhibit H2O2 production by C. elegans
Duox (Cha´vez et al., 2009), did not affect
actin ring formation (Figure S2H).
Conversely, increasing H2O2 concentra-
tion by treatment with a stable H2O2 de-rivative, tert-butyl hydroperoxide (tBOOH) (Tullet et al., 2008),
slightly impaired wound closure (Figure S2H). Taken together,
the results from these pharmacological experiments suggestidermis over a 300 s time course. Scale bars: top,
.
us unwounded epidermis (UW, blue).
, October 13, 2014 ª2014 Elsevier Inc. 51
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Figure 3. Genetic Elevation of mtROS
Accelerates Wound Repair
(A and B) Mutants lacking SOD-1, SOD-2, or SOD-
3 display accelerated wound repair after needle
wounding. (A) Representative confocal images
of F-actin (GFP::moesin) at 1 hpw in WT or sod
loss-of-function mutants. Scale bar, 10 mm. (B)
Quantitation of actin ring diameter in wounded sod
mutant worms. Numbers in bars indicate number
of animals in (B)–(E). ***p < 0.001 versus WT,
ANOVA. ns, not significant.
(C) Quantitation of actin ring diameter in mito-
chondrial mutants at 1 hpw. ETC mutants show
faster wound closure. F-actin ring diameter
is normalized to WT. NUO-6, MEV-1, ISP-1, and
CLK-1 are ETC components. ***p < 0.001 versus
WT, ANOVA.
(D) Loss of function in isp-1, sod-1, or sod-2
causes increased mito::cpYFP fluorescence. Left:
epidermal mito::cpYFP signal in young adults;
scale bar, 250 mm. Center: epidermal mito::cpYFP
inWT andmutants (intensity color code); scale bar,
10 mm. Right: quantitation of mito::cpYFP intensity
in midbody epidermis. *p < 0.05; ***p < 0.001
versus WT, ANOVA.
(E) Images and quantitation of F-actin rings (1 hpw)
in TPP- and mitoTempo-treated worms. WT or
mutant worms (sod-1 and sod-2) were incubated
on drug plates (0.1mMTPP ormitoTempo) from L4
stage to young adult (24 hr). **p < 0.01; ***p < 0.001,
Student’s t test. Scale bar, 10 mm.
For (B)–(E), error bars indicate SEM. See also
Figure S3 and Movie S4.
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ated wound closure.
Genetic Elevation of mtROS Results in Accelerated
Wound Repair
To determine whether endogenous mtROS function in wound
repair, we tested SOD mutants, known to display elevated mito-
chondrial superoxide (Van Raamsdonk and Hekimi, 2012; Yang
et al., 2007). Among the five C. elegans SOD mutants tested,
loss of either of the two mitochondrial MnSODs, SOD-2 and
SOD-3 (Honda et al., 2008), significantly promoted wound
closure (Figures 3A and 3B; Figures S3A and S3B; Movie S4).
Conversely, overexpression of SOD-2 in the adult epidermis
rescued the faster wound closure in sod-2 mutants and
impaired wound closure in a sod-2(+) background (Figure S3C),
consistent with mtROS being required autonomously within the
epidermis. Loss of SOD-1, the major Cu/Zn SOD localized to
the cytosol and mitochondrial intermembrane space (Doonan
et al., 2008), also resulted in enhanced wound closure (Figures
3A and 3B). sod-4 or sod-5 mutants displayed normal wound
closure (Figure 3B). Double mutants of sod-1; sod-2, or sod-2;
sod-3, as well as sod-1,-3,-5 or sod-1,-4,-5 triple mutants, and
sod-1,-3,-4,-5 quadruplemutants all displayed enhancedwound52 Developmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Inc.closure (Figures 3A and 3B), indicating
that chronically elevated mtROS resulting
from reduced SOD activity can promote
wound closure.Mutants with impaired ETC function also display elevated
mtROS (Lee et al., 2010; Senoo-Matsuda et al., 2001; Yang
and Hekimi, 2010). We found that several such ETC mutants
displayed accelerated wound closure (Figure 3C; Figure S3D;
Movie S4), including isp-1 (Rieske iron sulfur protein, complex III),
mev-1 (cytochrome b, subunit of complex II), and nuo-6
(NADH ubiquinone oxidoreductase, complex I). isp-1, sod-1,
and sod-2 mutants showed elevated mito::cpYFP fluorescence
before wounding (Figure 3D). Using the dye mitoSOX, which
specifically labels mitochondrial superoxide, we found that mito-
chondrial mutants mev-1, isp-1, and sod-1 displayed elevated
superoxide levels (Figures S3F and S3G). Treatment with the
antioxidant mitoTempo suppressed the faster wound closure in
sod-1 and sod-2 mutants (Figure 3E). The faster wound closure
of isp-1,mev-1, or sod-1 mutants was also suppressed by NAC
(Figures S3H and S3I), indicating that the improved wound
closure in mitochondrial mutants is a result of their elevated
levels of mtROS.
mtROS Act Downstream of Ca2+ in Wound Closure
Wounding the C. elegans epidermis triggers multiple signaling
cascades, including a TIR-1/PMK-1 p38MAP kinase-dependent
innate immune response (Pujol et al., 2008) and a TRPM/GTL-2
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Figure 4. mtROS Signals Act Downstream of Ca2+ to Promote Epidermal Wound Repair
(A) Elevated mtROS suppresses the reduced survival of gtl-2(lf)mutants after needle wounding. gtl-2(lf)mutants show reduced survival 24 hpw, whereas isp-1(lf)
gtl-2(lf) double mutants show normal survival 24 hpw. **p < 0.01, Fisher’s exact test.
(B) gtl-2(lf) mutants display delayed or reduced F-actin ring formation after needle wounding; this is suppressed by acute treatment with 1 mM PQ or in double
mutants with isp-1 or sod-1. Representative images of F-actin rings at 1 hpw. Scale bar, 10 mm. Error bars indicate SEM.
(C) Quantitation of F-actin ring diameter of animals shown in (B); mutants are normalized to WT. ***p < 0.001 (versus gtl-2(lf)), ANOVA.
(D) Laser wounding triggers elevated cytosolic Ca2+ (visualized with cGCaMP) and local mitochondrial Ca2+ uptake (visualized with mGCaMP) in the adult
epidermis (see Movie S5); GCaMP3 (juIs319) and mito::GCaMP3 (juEx4955) were expressed under the control of col-19 promoter, labeling cytosolic and
mitochondrial Ca2+ respectively. Color is used as a code for fluorescence intensity. Scale bar, 10 mm. W, wounded; UW, unwounded.
(E) The cytosolic Ca2+ wave precedes mitochondrial Ca2+ uptake. Mean GCaMP3 intensity change (DF/F0) in cytosol and mitochondria at 20 mm from
wound, n = 33.
(F) The average velocity of the mitochondrial GCaMP3 (mGCaMP) wave is slower than the epidermal GCaMP3 (cGCaMP) wave upon laser wounding, n = 11.
See also Figures S4A–S4D and Movie S5.
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Mitochondrial ROS in C. elegans Wound Repairdependent Ca2+ signal that has been shown to promote actin-
based wound repair (Xu and Chisholm, 2011). Loss of function
in either pathway reduces animal survival after wounding. To
determine the relationship between mtROS signals and these
pathways, we examined the postwounding survival of double
mutants. Loss of function in isp-1 did not suppress the defect
in postwounding survival of tir-1 mutants (Figure S4A), suggest-
ing that elevated mtROS cannot compensate for lack of the
TIR-1 innate immune pathway. In contrast, isp-1 gtl-2 double
mutants displayed significantly improved survival after wound-
ing, compared to gtl-2 mutants (Figure 4A). The postwounding
survival defect of gtl-2 mutants was also suppressed in sod-1
double mutants and after PQ treatment (Figure S4B). Remark-
ably, the F-actin wound closure defects of gtl-2 mutants were
fully suppressed in double mutants with isp-1 or sod-1 or by
treatment with PQ (Figures 4B and 4C). These results are consis-
tent with mtROS acting downstream of GTL-2/Ca2+ signaling in
wound closure, in parallel to the TIR-1 innate immune pathway.
We next asked how Ca2+ activation after wounding contrib-
uted to mtROS production. To examine mitochondrial Ca2+Develevels, we targeted the Ca2+ sensor GCaMP3 to the mitochon-
drial matrix (mGCaMP) and found that wounding triggers rapid
Ca2+ uptake into mitochondria (Figure 4D; Movie S5). The
wave of mGCaMP fluorescence starts later and travels more
slowly than the previously described wave of wound–triggered
cytosolic GCaMP3 (cGCaMP) (Figures 4E and 4F; Movie S5),
consistent with Ca2+ uptake into mitochondria being a result
of elevated cytosolic Ca2+. The cytosolic Ca2+ rise spreads
>200 mm from the wound site (Xu and Chisholm, 2011), whereas
mitochondrial Ca2+ increased only within 50 mmof thewound site
(Figure S4C), suggesting that rapid mitochondrial Ca2+ uptake
requires a threshold level of cytosolic Ca2+ (Figure S4D).
Ca2+ uptake into the mitochondria matrix is mediated by
the mitochondrial Ca2+ uniporter (Rizzuto et al., 2012), of which
the protein MCU is an essential component (Baughman et al.,
2011; De Stefani et al., 2011). To ask whether mitochondrial
Ca2+ uptake functions in mtROS production and wound repair,
we generated a deletion in the gene mcu-1 (Figure 5A; see
Experimental Procedures), which encodes the C. elegans or-
tholog of MCU. The mcu-1 null mutants are viable and fertile,lopmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Inc. 53
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Figure 5. The Mitochondrial Ca2+ Uniporter
MCU-1 Is Required for Wound-Induced
mtROS Superoxide Production and Wound
Repair
(A) mcu-1 gene structure. mcu-1(ju1154) is an
821 bp deletion of exons 3–5 and part of exon 2.
Two sgRNA sequences were used to generate a
deletion using the CRISPR/Cas9 system.
(B) The mitochondrial Ca2+ uniporter subunit
MCU-1 is required for mitochondrial Ca2+
uptake after laser wounding. Representative
images of mitochondrial Ca2+ after wounding
in WT and mcu-1(ju1154) mutants (see Movie
S6). Mitochondrial Ca2+ labeled with mi-
to::GCaMP5 (juSi103). Black asterisk indicates
the wound site. Scale bar, 10 mm. UW, un-
wounded; W, wounded.
(C) Quantitation of mito::GCaMP5 (juSi103) in
unwounded (left) and wounded (right) worms.
***p < 0.001, Student’s t test. ns, not significant.
(D) Cytosolic and mitochondrial Ca2+ influxes
are required for the increase in mitoflash fre-
quency after wounding. Top: surface plot of
mitoflash images in WT and mcu-1 mutants.
Bottom: quantitation of mitoflash frequency in
WT, mcu-1, gtl-2(lf), and gtl-2(0) mutants, (UW)
before and (W) after wounding. **p < 0.01,
Student’s t test.
(E) mcu-1 mutants are defective in wound closure. Left: confocal image of F-actin ring formation around wound site in WT and in mcu-1
mutant. Right: normalized F-actin ring diameter. *p < 0.05, Student’s t test. Scale bar, 10 mm.
In (C)–(E), numbers in bars indicate number of animals, and error bars indicate SEM. See also Figures S4E–S4H and Movies S6 and S7.
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Mitochondrial ROS in C. elegans Wound Repairand they display slightly decreased baseline mGCaMP (Figures
5B and 5C) and normal mitoflash frequency prior to wounding
(Figure 5D). However, mcu-1 mutants were strongly impaired
in mitochondrial Ca2+ uptake after laser or needle wounding
(Figures 5B and 5C; Figure S4E; Movie S6) and showed
reduced wound-induced mitoflashes (Figure 5D; Figure S4F;
Movie S7). To test whether the TRPM/GTL-2-dependent cyto-
solic Ca2+ influx acted upstream of mtROS production, we
examined mitoflashes in gtl-2 mutants. Partial loss-of-function
(lf) and null (0) gtl-2 mutants both displayed fewer mitoflashes
(Figure 5D; Figure S4F). These results that suggest Ca2+
uptake into the mitochondria from cytosol contributes to
mtROS production.
To address how mitochondrial Ca2+ uptake affects wound
closure we examined actin ring formation in mcu-1 mutants
and found that loss ofmcu-1 impaired wound closure (Figure 5E;
Figure S4G). Mitochondrial Ca2+ uptake can trigger opening of
the mitochondrial permeability transition pore (mPTP) (Brookes
et al., 2004), which decreasesmitochondrial membrane potential
and causes mtROS release (Rasola and Bernardi, 2011; Wang
et al., 2008). To test whether the mPTP was involved in wound
repair, we treated worms with the mPTP inhibitor cyclosporine
A (CsA) (Bernardi, 1996; Broekemeier et al., 1989) and found
that CsA inhibited wound closure in a dose-dependent manner
(Figure S4H). Taken together, these data suggest that MCU-1-
mediated mitochondrial Ca2+ uptake triggers mtROS production
by causing transient opening of the mPTP.
mtROS Act Upstream of Rho GTPases in Wound Healing
How might mtROS promote actin-based wound closure? We
previously showed that wound closure involves antagonistic54 Developmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Iroles of the small GTPases CDC-42 and RHO-1 (Xu and Chis-
holm, 2011). CDC-42 is required for F-actin accumulation into
rings at wound sites, whereas RHO-1 and nonmuscle myosin
negatively regulate wound closure; loss of function in rho-1, or
in nonmuscle myosin (nmy-1, mlc-4), results in accelerated
wound closure. As loss of function in isp-1 or sod-1 caused
rho-1-like accelerated actin ring closure, we tested whether
the effects of these mutants required RHO-1 or CDC-42. We
found that RNA interference (RNAi) of rho-1 or mlc-4 neither
enhanced nor suppressed the fast closure phenotypes of isp-1
or sod-1 mutants (Figure 6A), which is consistent with mtROS
acting in the same pathway as RHO-1. NAC treatment sup-
pressed the fast wound closure in isp-1 or sod-1 mutants (Fig-
ures S3H and S3I) but had no effect on the rapid closure
of rho-1 or mlc-4 mutants (Figure 6B), suggesting that mtROS
signals act upstream of RHO-1 in wound closure. Conversely,
cdc-42(RNAi) blocked the accelerated actin assembly in isp-1
and sod-1 mutants, or after PQ treatment (Figure S5A), consis-
tent with CDC-42 acting downstream of the mtROS signal.
These studies place mtROS upstream of both RHO-1 and
CDC-42 in regulating F-actin assembly and ring formation.
Since RHO-1 negatively regulates actin ring closure in
C. elegans skin wound repair, we hypothesized that mtROS
inhibits RHO-1 to promote wound repair. To test this, we ex-
pressed the genetically encoded Rho sensor enhanced green
fluorescent protein-RhoA-binding domain of Rhotekin (eGFP-
rGBD) (Benink and Bement, 2005) in the epidermis to visualize
RHO-1 activation. Laser wounding caused a rapid increase in
eGFP-rGBD intensity at the wound site (Figure 6C; Movie S8).
rho-1(RNAi) almost abolished eGFP-rGBD activation, indicating
that the eGFP-rGBD signal was dependent on rho-1 expressionnc.
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Figure 6. mtROS Act Upstream of RHO-1
(A) Left: representative confocal images of F-actin
ring formation after needle wounding. rho-1(RNAi)
or mlc-4(RNAi) does not enhance the accelerated
wound closure of isp-1 or sod-1 mutants. Control
RNAi: L4440 empty vector. Right: F-actin ring
diameter 1 h.p.w. ***p < 0.001, ANOVA; ns, not
significant.
(B) NAC does not block the enhanced wound
closure caused by rho-1 or mlc-4 RNAi; images
and quantitation are as in (A). Scale, 10 mm. Sta-
tistics: Student’s t test; ns, not significant.
(C) Laser wounding activates RHO-1 around the
wound site. Top: images of RHO-1 sensor eGFP-
rGBD fluorescence in epidermis (UW) before and
(W) after wounding (see Movie S8), black arrows
indicate RHO-1 activation zone. Bottom: eGFP-
rGBD fluorescence intensity at activation zone.
n = 8, Data are mean ± SEM.
(D) eGFP-rGBD fluorescence intensity increases
rapidly after wounding then declines. Average
DF/F0 at 0–100 s and at 100–400 s at activation
zone after wounding. Average DF/F0 of eGFP-
rGBD at 0–100 and 100–400 s (n = 8 animals).
***p < 0.001, Student’s t test.
(E) Mutants with elevated mtROS display reduced
RHO-1 activation after wounding. Left: represen-
tative images of the RHO-1 sensor eGFP::rGBD
fluorescence change on laser wounding. Black
arrows indicate RHO-1 activation zone. Right:
quantitation of eGFP::rGBD fluorescence at
activation zone from left at 10 s postwounding.
***p < 0.001, Student’s t test. Scale bars in (A)–(C)
and (E), 10 mm.
Numbers in bars indicate number of animals in (A),
(B), (D), and (E). ***p < 0.001, Student’s t test; ns,
not significant. Error bars indicate SEM. See also
Figures S5A–S5D and Movie S8.
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Mitochondrial ROS in C. elegans Wound Repair(Figures S5B–S5D). eGFP-rGBD intensity transiently increased
during the first 100 s after wounding and then declined (Figures
6C and 6D). This time course of activation and inhibition
was complementary to the suppression, then elevation, of mito-
flashes after wounding (Figure 1B), consistent with elevated
mtROS inhibiting RHO-1 activation. eGFP-rGBD activation after
wounding was significantly decreased in isp-1 mutant (Figures
6E and 6F), suggesting that mtROS either directly or indirectly
inhibits RHO-1 activity to promote wound closure.Developmental Cell 31, 48–6mtROS Regulate RHO-1 Activity via
Its Redox-Sensitive Motif in
Epidermal Wound Repair
How might mtROS signals regulate
RHO-1 in wound closure? ROS modulate
protein activity by oxidation of cysteine
(Cys) residues (Lambeth and Neish,
2014) (Figure 7A). Rho family GTPases
contain a conserved redox-sensitive
G12XXXXGK(S/T)C20 motif that allows
activation by ROS modification at C20
(Heo and Campbell, 2005) (Figure 7B).
Rho itself contains an additional Cys
residue in the motif GXXXC16GK(S/T)C20;high levels of ROS can inhibit Rho by inducing disulfide bond for-
mation between the two Cys residues (Heo et al., 2006; Mitchell
et al., 2013) (Figure 7A). C. elegans RHO-1 contains the motif
GDGAC16GKTC20 (Figure 7B), suggesting that it may be inhibited
by high levels of mtROS. To test this idea, we overexpressed
wild-type (WT) or mutant rho-1 complementary DNAs (cDNAs)
specifically in adult epidermis and examined wound closure.
Overexpression of rho-1(WT) slightly delayed wound closure
and significantly reduced F-actin accumulation (Figures 7C and0, October 13, 2014 ª2014 Elsevier Inc. 55
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Figure 7. RHO-1 Activity in Wound Closure Requires Cys16 in the Redox-Sensitive Motif
(A) Cartoon of protein cysteine thiol oxidation by ROS.
(B) Conserved N-terminal redox-sensitive motifs of RHO family members; glycine 14 is shown in blue, and cysteine 16 and 20 are in red. G14V constitutively
activates Rho.
(C) RHO-1 overexpression blocks wound closure. Confocal images of F-actin ring formation after needle wounding. WT RHO-1 and its mutants RHO-1(G14V),
RHO-1(C16A), RHO-1(G14V,C16A), and RHO-1(C20A) were expressed using the col-19 promoter. Scale bar, 10 mm.
(D) Overexpression of constitutively active caRHO-1(G14V) enhanced wound closure, while RHO-1(C16A) delayed wound closure and suppressed the effect of
G14V. Quantitation of F-actin ring diameter 1 hpw. Numbers in bars indicate number of animals in (D)–(G). *p < 0.05; ***p < 0.001, ANOVA (Bonferroni posttest).
(E) Overexpression of RHO-1(C16A) inhibited actin assembly and suppressed the effect of RHO-1(G14V) in wound repair. Quantitation of F-actin accumulation
(GFP::moesin intensity). ***p < 0.001, Student’s t test.
(F) PQ treatment suppressed the effect of RHO-1(C20A) overexpression on wound closure. Actin ring diameter 1 hpw in animals overexpressing WT or mutant
RHO-1, with or without acute treatment of 1 mM PQ. *p < 0.05, Student’s t test.
(G) F-actin intensity at wound site 1 hpw, with or without acute treatment of 1mMPQ. PQ treatment suppressed the inhibitory effects of RHO-1(C20A) expression
on actin assembly. ***p < 0.001, Student’s t test.
(H) Model for the Ca2+/mtROS/RHO-1 pathway in C. elegans epidermal wound healing.
For (D)–(G), error bars indicate SEM. See also Figure S5E.
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Mitochondrial ROS in C. elegans Wound Repair7D), consistent with RHO-1 overexpression inhibiting F-actin
accumulation. Overexpression of RHO-1(C16A) significantly
inhibited wound closure and reduced F-actin accumulation (Fig-
ures 7C and 7E), suggesting that the inhibitory activity of RHO-
1(C16A) is higher than that of RHO-1(WT). Overexpression of56 Developmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Ithe constitutively activated (ca) mutant RHO-1(G14V) enhanced
wound closure, suggesting that caRHO-1 has a dominant-
negative effect (Figures 7C and 7D; Figure S5E), consistent
with a previous report that overexpression of caRhoA inhibits
RhoA in Xenopus (Benink and Bement, 2005). The observednc.
Developmental Cell
Mitochondrial ROS in C. elegans Wound Repairdominant-negative effects of ca-RHO-1 could have a number
of explanations, including effects of chronic RHO-1 activity on
the cell cortex, sequestration of other factors required for normal
RHO activity, or a requirement for RHO-1 activity turnover in
wound closure (Benink and Bement, 2005). The RHO-1 double
mutant G14V C16A was not able to promote wound closure
(Figures 7C–7E), suggesting that the C16 residue is required
for the caRHO-1(G14V) dominant-negative activity.
To test whether RHO-1 was sensitive to ROS, we treated
RHO-1(WT) or RHO-1(C16A) overexpressing worms with the
pro-oxidant PQ. A 2 hr treatment of 1 mM PQ did not affect
the ability of WT or RHO-1(C16A) to inhibit wound closure or
F-actin accumulation (Figures 7C, 7F, and 7G). However, PQ
treatment suppressed the ability of RHO-1(C20A) to inhibit
wound closure or F-actin accumulation (Figures 7C, 7F, and
7G), suggesting that RHO-1(C20A) is sensitive to ROS because
of the presence of C16 in the redox-sensitive motif (Figure 7B).
The level of overexpression of RHO-1(WT) may be such that
1 mM PQ treatment is insufficient to inhibit its activity. Taken
together, these results are consistent with mtROS acting via
the redox-sensitive motif in RHO-1 to locally reduce its activity
and promote wound closure.
DISCUSSION
We have shown here that mtROS play protective roles in skin
wound repair in vivo (Figure 7H). We find that C. elegans
epidermal wounding triggers rapid local production of mtROS
following a wound-induced Ca2+ influx and MCU/MCU-1-medi-
ated mitochondrial Ca2+ uptake. Elevated mtROS levels are
sufficient to promote wound repair and organismal survival in
mutants defective in repair, in part by regulating RHO-1-depen-
dent actin remodeling at wound sites. Conversely, inhibition of
mtROS by antioxidant treatment blocks wound closure. In mam-
mals, tissue injury releases mitochondrial ‘‘damage-associated
molecular patterns’’ that activate innate immune responses
(Zhang et al., 2010), and mitochondrial oxidative phosphoryla-
tion regulates repair of multiple tissues, including the epidermis
(Shyh-Chang et al., 2013). Thus, mitochondria play diverse roles
in tissue repair after damage.
Extracellular ROS, such as H2O2, are now established as key
wound-generated signals mediating chemoattraction of migra-
tory phagocytic cells (van der Vliet and Janssen-Heininger,
2014), but few studies have directly assessed the contribution
of mtROS to wound repair. Superoxide levels have been shown
to increase at mammalian skin wounds (Roy et al., 2006), but the
significance of this observation has not been explored. Recently,
mtROS have been shown to regulate actomyosin in Drosophila
dorsal closure (Muliyil and Narasimha, 2014), a developmental
process analogous to aspects of wound healing. Our results
demonstrate mtROS promote efficient healing of wounds in a
mature barrier epithelium. We find that wounding first inhibits
and then elevates mitoflashes close to the wound site. Given
the time courses of mitochondrial Ca2+ uptake and mitoflashes
after wounding, we propose that the initial Ca2+ uptake by mito-
chondria transiently inhibits mtROS production until excessive
mitochondrial Ca2+ causes opening of the mPTP.
ROS are generated by multiple processes and enzymes, such
as NADPH oxidases (Nox and dual oxidases) in the plasmaDevemembrane, lipid metabolism in peroxisomes, and cytosolic
enzymes such as cyclo-oxygenases (Lambeth, 2004). However,
in nonpathological conditions, most cellular ROS (90%) are
generated by mitochondria (Balaban et al., 2005). mtROS
such as superoxide are thought to be short lived in vivo (Lam-
beth and Neish, 2014), being converted to more stable species
such as H2O2. Our analysis would suggest that H2O2 plays
a mildly inhibitory role in actin-based wound repair and that
the protective effects of mtROS are unlikely to be mediated
by H2O2. As C. elegans lacks migratory phagocytic cells, the
need for extracellular ROS such as H2O2 may be less critical.
Nevertheless, oxidase-generated H2O2 or other ROS might
play extracellular antimicrobial roles in C. elegans, in parallel
to the intracellular mtROS pathway described here (Suzuki
and Mittler, 2012).
We have provided evidence that mtROS promotes wound
closure by local inhibition of the RHO-1 small GTPase. Rho
family GTPases are key regulators of the actin cytoskeleton
(Burridge and Wennerberg, 2004) and have been extensively
analyzed in actomyosin-based wound repair (Sonnemann and
Bement, 2011; Wood et al., 2002). Our findings are consistent
with mtROS signals inhibiting RHO-1 after wounding, thus pro-
moting wound repair. ROS can modulate protein activity directly
by oxidation of Cys residues (Miki and Funato, 2012). We find
that the RHO-1 Cys-16 residue in its redox-sensitive motif is
important for its ability to respond to mtROS in wound closure.
These findings do not rule out the possibility that RHO-1 may
also be regulated indirectly via other redox-sensitive regulators
(Muliyil and Narasimha, 2014; Nimnual et al., 2003).
Collectively, our results reveal a protective role for mtROS
signaling in intracellular wound repair. ROS are increasingly
viewed as beneficial signals in wound repair. Hyperbaric oxygen
therapy has long been used to accelerate wound repair in
chronic or refractory diabetic wounds and is thought to act
in part by increasing ROS and oxidative stress, inducing a
protective response (Sen, 2009; Thom, 2009). Manipulation of
mitochondrially generated ROS may be of interest in therapies
for enhancing cellular or tissue repair.
EXPERIMENTAL PROCEDURES
C. elegans Genetics and Transgenes
All C. elegans strains were grown at 20C–22.5C on nematode growth
medium (NGM) agar plates seeded with E. coli OP50. New strains were
constructed using standard procedures, and all genotypes were confirmed
by PCR or sequencing. Previously described mutants used include:
gtl-2(n2618)(lf), gtl-2(tm1463)(0), isp-1(qm150), mev-1(kn1), sod-1(tm776),
sod-2(gk257), sod-2(ok1030), sod-3(tm760), sod-4(gk101), sod-5(tm1146),
nuo-6(qm200), clk-1(qm30), and tir-1(tm3036).
cpYFP was obtained from Dr. Wang Wang (University of Washington).
Superecliptic pHluorin was obtained from Dr. Jeremy Dittman (Weill Cornell
Medical College). We constructed Pcol-19-mito::cpYFP (pCZ820) and Pcol-
19-mito::pHluorin (pCZ831) using Gibson assembly cloning (Gibson et al.,
2009) to fuse cpYFP or pHluorin to the mitochondrial matrix target sequence
of cox8, under the control of the col-19 promoter. Primer sequences are avail-
able on request. HyPer2 (Markvicheva et al., 2011) was generated from HyPer
(Evrogen) by introducing the A406V mutation by using the Agilent QuikChange
Site-Directed Mutagenesis Kit. Other plasmids were constructed using
Gateway cloning. All transgenes and plasmids used are listed in Table S1. A
single-copy insertion ofmito::GCaMP5(juSi103)wasmade byMos1-mediated
single-copy gene insertion, or MosSCI, using strain EG6701 following stan-
dard methods (Frøkjaer-Jensen et al., 2008, 2012).lopmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier Inc. 57
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We wounded animals with single stabs of a microinjection needle to the either
anterior or posterior body of lateral hyp7 (avoiding the gonad) 24 hr after the L4
stage, essentially as described elsewhere (Pujol et al., 2008). Wound closure
and survival assays were performed as described elsewhere (Xu and Chis-
holm, 2011). Except as shown in Figures S2E, S3B, and S4G, WT actin ring
diameter was normalized to 1, and other conditions were normalized to WT.
To quantify GFP::moesin intensity (F0), the average fluorescence of ten regions
of interest (ROIs) (103 10 pixels) on actin around wounds (FW) was measured,
and the average fluorescence of ten equivalent ROIs in an unwounded region
(FUW) was subtracted.
Quantitation of mito::cpYFP Fluorescence
To imagemito::cpYFP fluorescence by spinning disk confocal microscopy, we
used a 491 nm excitation laser and collected emission using a 525/50 nm
band-pass filter (YFP491). To analyze cpYFP flash dynamics, we took mito::
cpYFP fluorescence images every 2 s for 200 frames. Baseline fluorescence
(F0) of mito::cpYFP was obtained by averaging fluorescence in ten ROIs in
the epidermal mitochondria and then subtracting the average of ten ROIs in
the background before injury. The cpYFP flash amplitude DF/F0 was ex-
pressed as the ratio of change with respect to the baseline [(Ft  F0)/F0]. Re-
cordings were made at 22C. mito::GFP, mito::pHluorin, and mito::HyPer2
fluorescence were imaged and quantitated in the same way, except that
mito::HyPer2 fluorescence was excited sequentially using 405 nm and
491 nm lasers and emission was acquired using the 525/50 band-pass filter.
As cyan fluorescent protein at 405 nm excitation did not show any change after
wounding, we only show YFP491 fluorescence in Figures S1C and S1D.
To visualize mitoflashes, we first generated subtraction images comparing
each frame with the preceding frame using MetaMorph. To quantitate mito-
flashes, we manually counted flashes over 5 min in unwounded or wounded
worms. A single mitoflash was defined as an increase in cpYFP fluorescence
of DF/F0 > 0.5 in at least two consecutive frames. Heat maps and surface plots
were generated using ImageJ.
Drug Treatment and RNAi
OP50 bacteria were seeded on to NGM plates and allowed to grow overnight
at 37C. All drugs were added to the bacterial lawn from a high concentration
stock and allowed to dry for 1–2 hr at room temperature. DPI (Sigma D2926),
EUK-134 (Cayman Chemical 10006329), and rotenone (Sigma R8875) were
dissolved in DMSO to make 500 mM, 30 mM, 24 mM, and 40 mM stock solu-
tions, respectively. mitoTempo (Sigma, SML0737), triphenylphosphonium
chloride (TPP; Sigma 675121), PQ dichloride (Sigma 36541), and NAC (Sigma
A7250) were dissolved in ddH2O to make 500 mM stocks; tBOOH (Sigma, Lu-
perox TBH70X) stock was 70% in ddH2O. Antimycin A (Sigma A8674) was dis-
solved in ethanol as 25 mg/ml stock. For chronic treatment, L4 worms were
transferred from normal NGM plates to drug plates for overnight before assay-
ing wound repair or mitochondrial responses. For acute drug treatments (e.g.,
PQ treatment; Figures 2E and 6C), young adults were transferred to freshly
made drug plates 1–2 hr at room temperature before needle wounding.
RNAi was carried out as described elsewhere (Xu and Chisholm, 2011). For
imaging the effects of mitoTempo on mitoflashes, adults were incubated on
0.1 mMmitoTempo or TPP plates for 2 hr and transferred to 2 ml 12 mM levam-
isole with 0.1 mM mitoTempo or TPP agar pads for imaging and wounding.
Mitochondrial Ca2+ Uptake and Imaging
To analyze mitochondrial Ca2+ uptake, we wounded animals using femto-
second laser irradiation, essentially as in C. elegans laser axotomy (Wu
et al., 2007), except with 2 3 500 ms pulses. We acquired images using the
spinning disk confocal in burst mode with 491 nm excitation using a 1003
objective (Zeiss PlanApo, NA 1.46). To quantitate Ca2+ uptake, we measured
average fluorescence in 20 equivalent ROIs (10 3 10 pixels), ten centered
on a single mitochondrion and ten in the background. Baseline fluorescence
(F0) was obtained by averaging fluorescence in ten ROIs in the epidermal mito-
chondria and then subtracting the average of ten ROIs in the background
before wounding. The change in fluorescence, DF, was expressed as the ratio
of change with respect to the baseline [(Ft  F0)/F0]. To follow DF/F0 over time
at different distances from the wound site, we imaged using the 633 objective
and drew ROIs at intervals of 20 or 50 mm from the wound site.58 Developmental Cell 31, 48–60, October 13, 2014 ª2014 Elsevier ICRISPR-Mediated Deletion using Dual sgRNAs
Wegenerated amcu-1 deletion using CRISPR/Cas9 (Friedland et al., 2013). To
target a deletion of most of the mcu-1 gene, we designed two subgenomic
RNAs (sgRNAs): GTTTCGAATATCCATCTGCT and GATCCGATTGTGTCACT
GAG. pU6::mcu-1 sgRNAs were generated by Gibson assembly and injected
into N2 worms using standard methods, in mixtures composed of 40 ng/ml
of each pU6::mcu-1 sgRNA, 100 ng/ml of Peft-3::Cas9-SV40 NLS::tbb-2-30
untranslated region, and 20 ng/ml of Pcol-19-GFP as coinjection marker.
Among 48 F1 GFP-positive worms, we identified one animal heterozygous
for the mcu-1 deletion ju1154. mcu-1(ju1154) animals are homozygous viable
and contain an 821 base pair (bp) deletion with breakpoints in exon 2
(CCGCT^CAGTGA) and in intron 5 (TTTTCT^GAAA).
RHO-1 Mutant Overexpression
Pcol-19-RHO-1 constructs were made using Gateway cloning. A rho-1 cDNA
was isolated from N2 RNA and inserted into pCR8 using the following primers:
AC3542: ATGGCTGCGATTAGAAAGAAG; AC3543: CTACAAAATCATGCACT
TGCTCTTC. All Pcol-19-RHO-1 mutations were generated using the Agilent
QuikChange Site-Directed Mutagenesis Kit. Pcol-19-RHO-1 and RHO-1 mu-
tants were injected into CZ14748 (GFP::moesin strain) at 10 ng/ml with coinjec-
tion marker Punc-122-red fluorescent protein (labeling coelomocytes) at
50 ng/ml. For each transgene, three lines were analyzed and data were com-
bined for statistical analysis.
Imaging the Rho Sensor eGFP-rGBD
eGFP-rGBD (Benink and Bement, 2005) was a kind gift from Dr. William
Bement (University of Wisconsin). Young adult worms were anesthetized
with 12 mM levamisole on pads of 2% agar, and their epidermis was wounded
using femtosecond laser irradiation as described earlier. To quantitate eGFP-
rGBD fluorescence intensity postwounding, we randomly chose ten equivalent
ROIs (103 10 pixels) near the wound site (activation zone defined as within 1–
2 mm of the wound) and in the background. Baseline fluorescence (F0) is the
average of fluorescence in ten ROIs before wounding. Fluorescence change
DF was calculated as [(Ft  F0)/F0].
Statistical Analysis
Statistical tests were performed using GraphPad Prism. Two-way com-
parisons used Student’s t test, or Fisher’s exact test for proportions. For mul-
tiple comparisons, we used one-way ANOVA with a Dunnett or Bonferroni
posttest.
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